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Supplementary Text 
 
Here we present supporting materials for the article: The Petrochemistry of Jake_M: A 
Martian Mugearite. In particular, we provide a more complete discussion and supporting 
figures (S1–S4) for the LIBS analyses. We also compare Jake_M (JM) to terrestrial 
igneous rocks and show the close compositional resemblance of JM to terrestrial 
mugearites and phonotephrites (Figs. S5, S6). We compare the composition of JM to the 
compositions of terrestrial lavas in terms of TiO2 vs. MgO (Fig. S7) and Fe/Mn vs. MgO 
(Fig. S8). Data from (10, 75, 76) are also used to demonstrate how the SO3 and Cl 
contents of “unbrushed” or “as is” rocks analyzed by the Mars Exploration Rovers 
(MERs) compare to the sulfur and chlorine contents of the “unbrushed” JM analyses (Fig. 
S9). We also compare unbrushed and physically abraded compositions from the same 
outcrops (both normalized to 100 wt. % on a SO3- and Cl-free basis) analyzed by the 
Spirit rover to the three normalized JM analyses (Fig. S10) to demonstrate that, for a 
given rock/outcrop, the major element spread in the unbrushed and abraded analyses, 
once renormalized, is comparable to the spread in the three JM analyses. Additionally, we 
provide a more detailed discussion of the MELTS calculations as well as a complete set 
of oxide-MgO variation diagrams (for SiO2, TiO2, Al2O3, FeO*, CaO, Na2O, K2O, and 
P2O5) showing the Tenerife Island lavas, JM, and selected MELTS fractionation paths 
(Fig. S11). A contoured misfit map (Fig. S12) shows the extent to which MELTS 
calculations at different pressures and with varying initial water contents match the 
overall fractionation trend of the Tenerife lavas. A similar set of figures shows MELTS 
fractional crystallization calculations (in oxide-MgO space) and misfit contour maps 
where the starting compositions were various known martian rocks (surface rocks from 
Gusev Crater, and the NWA 7034 meteorite), both with and without arbitrarily increased 
Na2O and K2O contents (Figs. S13–S24). The purpose of these calculations was to test 
whether known martian rock compositions could be viable parental liquids for JM. At the 
end of the Supplement, we list all MSL science team members and their institutional 
affiliations. 
 
We note that in two previously presented abstracts of oral presentations that discussed the 
petrogenesis of JM (82, 83), the JM composition was compared to lavas from St. Helena, 
and not those from Tenerife. These two abstracts were based on a preliminary APXS data 
reduction of the raw JM analyses. Following a re-calibration of the APXS data, the 
composition of JM changed slightly and although the average of the new and old analyses 
overlap at 2  the St. Helena fractionation trend was not as good a match to the revised 
JM composition as it had been to the previous composition. For this reason, the 
compositions of St. Helena lavas have been replaced in this work by lavas from Tenerife 
Island. Nevertheless, it is important to stress that both terrestrial suites are alkaline and 
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that the most successful MELTS calculations for both suites require moderate pressures 
and water contents. 
 
Materials and Methods 
Three APXS analyses of JM were obtained on two unbrushed areas ~1.7 cm in diameter 
(JM1 and JM2) and separated by ~7 cm (Fig. 1): JM1 was analyzed once during the day 
and JM2 was analyzed twice (at night and during the day). Results of the three analyses 
are listed in Table 1. The surface of JM was not brushed or abraded prior to analysis, so 
the APXS analyses include surface-correlated contributions, including adhering dust that 
likely contributes to the observed S and Cl. Note that Na and Mg would be the major 
elements most affected in the APXS analyses by surface-correlated components since 
most emitted X-rays for Na and Mg originate in the outer ~2 to 3 m of the target (71, 
84). However, experience with the MERs indicates that the characteristics of rock 
compositions are typically not obscured by surface components, and the levels of S in JM 
are lower than in most unbrushed analyses from the Exploration rovers (see The effect of 
surface components on Jake_M’s composition below), so the level of surface 
contamination and alteration are likely relatively minor (85). Moreover, successive LIBS 
shots on a single location gave no evidence of a surface coating or crust, but suggested 
instead a thin dust layer that was penetrated within 1–2 laser shots (3). Individual LIBS 
shots involved a spot size of ~0.45 mm and a penetration depth of ~0.5 m (86, 87). 
Although the differences between the JM1 and JM2n analyses (the two long-duration 
analyses; Table 1) are small in an absolute sense, none of the concentrations except Cr2O3 
overlap at the 2  level. This suggests heterogeneity on a cm scale—not unsurprising in a 
polymineralic igneous rock—and consistent with the observed variations between the 
LIBS analyses (albeit on a different length scale). 
 
ChemCam Analyses 
Fourteen locations were analyzed by ChemCam (86, 87) on JM with two sets of 
measurements (3, 88): a 5-point line-scan with points separated by ~6 mm on sol 45 
while the target was at a distance of 3.8 m, and a 3 3 raster (total of 9 LIBS points 
separated by 7 mm horizontally and ~10 mm vertically) on sol 48 while the target was at 
a distance of 3.2 m (Figs. 1, S1). Thirty laser shots [spot size around 420-440 m; (89)] 
were directed at each analysis location, each providing a spectrum at successive depths to 
a maximum depth of ~15 m inside the rock (87). The 420 spectra obtained from the 
fourteen LIBS analysis locations show that JM is heterogeneous at scales > ~0.5 mm (and 
likely smaller), with the thirty spectra from each analysis location defining a separate 
compositional cluster in multi-dimensional component space. Four distinct end-member 
compositions were determined by subjecting 392 spectra (the first two spectra at each 
analysis location were excluded since they are most affected by surface dust) to an 
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independent component analysis (ICA) algorithm. ICA involves a linear transformation 
that minimizes the statistical dependence between components, allowing spectra to be 
compared in the phase space of the most strongly varying components (90, 91). Different 
components can represent the spectral signature of a single element. Plots displaying ICA 
results show the correlation coefficients of the represented elements in arbitrary units. 
Figure S2 shows the Ti component versus the Ca component obtained from ICA. Most of 
the 28 spectra from each analysis location cluster together showing that for these 
elements the composition does not vary significantly with depth. We observe two main 
end members corresponding to analysis locations 1 and 2 (labeled JM_1 and JM_2 in Fig. 
S2). JM_2 is strongly associated with Ti, whereas JM_1 shows the lowest Ca. The other 
two end members are also labeled in Fig. S2: JM_10 is enriched in alkali elements (Fig. 
S3), whereas JM_14 shows higher Ca. 
 
Figure S3 presents the four end members in the ultra-violet (UV) and part of the visible 
and near infrared (VNIR) spectral ranges. For this figure, the spectra from each analysis 
location were averaged over depth, which is justified in most cases given the similarity of 
most analysis points. Ti line intensities are low in JM_1 and JM_10. JM_1 and JM_2 (in 
red and green, respectively) also show weak Ca lines compared to JM_10 and JM_14 (in 
blue and black, respectively). JM_1 and JM_14 show stronger Mg signals than JM_2. 
This location (JM_2) shows almost no Mg, Al, and Ca, and is interpreted to be a mixture 
that includes Fe-Ti oxide(s). JM_10 is enriched in Al and alkalis relative to JM_2 and 
JM_14. Preliminary elemental compositions in wt. % were obtained via the partial-least-
square (PLS) technique discussed by Lasue et al. (92); these compositions are consistent 
with three major types of minerals: plagioclase, pyroxene, and olivine. PLS also shows 
that JM-2 does not contain a significant fraction of these three phases—its higher Fe and 
Ti are consistent with a substantial fraction of Fe-Ti oxide(s) in the analyzed volumes of 
each laser shot. 
 
While most of the JM analysis locations are homogeneous with depth, a comparison of 
the thirty successive spectra at each analysis location shows that some locations exhibit 
significant heterogeneity with increasing depth. The location showing the greatest 
heterogeneity with depth is JM_14. Figure S4a shows that successive spectra at this 
location have increasing MgO and CaO along a linear trend. The first two shots (Fig. 
S4a) are contaminated by dust, and then the trend (shots 3–30) suggests a mixture of 
groundmass (?) and plagioclase and high-Ca pyroxene with the proportion of pyroxene 
increasing with depth. The presence of groundmass is suggested by CIPW normative 
components such as orthoclase, pyroxene, magnetite and ilmenite in the composition 
from shot number 4. A CIPW norm calculation of the 30
th
 laser shot composition 
contains > 50% diopside+hedenbergite but the analysis is potentially consistent, within 
uncertainties, with other Ca-rich pyroxene compositions. Figure S4b shows the same 
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location for other elements, indicating that they are decreasing in a manner consistent 
with progressive profiling into a region that is dominated by a high-Ca pyroxene grain 
but with other contributions to the spectra. This result indicates that JM contains mineral 
grains that are at least nearly as large as the laser beam diameter. Other locations 
generally show less variation with depth, although JM_4 initially shows a composition 
enriched in CaO and MgO, which becomes richer in alkalis at greater depth. This trend 
suggests that in this case, first a pyroxene was sampled, and then the fine-grained matrix. 
 
Further Compositional Comparisons of Jake_M to Terrestrial Lavas 
Figures S5 and S6 compare the three JM analyses (normalized to 100% minus SO3, Cl, 
and trace elements) to rock compositions culled from the Georoc database that had been 
labeled either as mugearites or phonotephrites. With the exception of TiO2-MgO and 
Na2O-MgO, the JM compositions plot broadly near the centers of the remaining oxide-
MgO mugearite fields (Fig. S5). For TiO2 and Na2O, JM lies near/on the lower and upper 
boundaries of the range of mugearite compositions, respectively. Similarly, the JM 
compositions lie at the extreme ranges of Na2O (upper bound) and TiO2 (lower bound) of 
rocks called phonotephrites (Fig. S6). But unlike the mugearites, JM’s K2O content is 
much lower than typical phonotephrites. It is largely for these reasons that, although JM 
plots in the phonotephrite field in the total alkali-silica diagram in Fig. 2 (although near 
the phonotephrite/mugearite boundary), we prefer to refer to it as a mugearite, since it has 
a stronger overall affinity to terrestrial rocks that have been given this designation. 
 
As noted in the main text, martian rocks are depleted in TiO2 relative to alkaline lavas 
from the island of Tenerife. However, Fig. S7 shows that, although they are low, the TiO2 
contents of JM, basaltic shergotittes (martian meteorites) and martian rocks analyzed by 
the Mars Exploration Rovers, are not outside of the range of both terrestrial alkaline lavas 
and terrestrial tholeiites. In Fig. S7a, the JM compositions plot at the lower end, but 
nevertheless within the range of TiO2 contents in alkaline lavas with similar MgO and 
SiO2 contents. Likewise, JM, basaltic shergotittes, and Mars surface rocks are not outside 
of the TiO2-MgO field defined by terrestrial tholeiites (Fig. S7b). 
 
Although bulk rock Fe/Mn ratios have historically been one of the criteria used to 
distinguish martian from terrestrial rocks, (e.g., 29, 30), Fig. S8 shows that the long-
duration nighttime analysis of JM has Fe/Mn and MgO values that place it on the trend of 
Tenerife lavas in Fe/Mn-MgO space. High-precision Fe/Mn measurements (93, 94) of 
Hawaiian and Icelandic lavas with MgO contents of ~7–28 wt. % have values between 
~58 and 70; these values are largely independent of MgO and are substantially above the 
JM value of 53. Fe/Mn values of Tenerife lavas with > ~7–8 wt. % MgO, although 
displaying greater variation (~90% of the lavas with >8 wt. % MgO have Fe/Mn of 60–
80), nevertheless overlap the high-precision measurements on Hawaiian and Icelandic 
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basalts (greater scatter in Fe/Mn among the Tenerife rocks largely reflects lower 
precision of the MnO measurements). However, at lower magnesium contents (< ~7–8 
wt. % MgO), Fe/Mn values in the Tenerife lavas are positively correlated with MgO and 
drop dramatically reaching values as low as 10–15 at MgO < 1 wt. %. This drop in 
Fe/Mn reflects the appearance and fractionation of titanomagnetite (± ilmenite) at MgO 
contents < ~7–8 wt. % and is consistent with the MELTS models in which Fe-rich spinel 
appears in the liquid-line-of-descent at ~7–8 wt. % MgO (Fig. 4, S11). Although not 
plotted, we note that lavas from St. Helena show a similar monotonic decrease in Fe/Mn 
with decreasing magnesium content once bulk rock MgO values fall below ~7–8 wt. %. 
Note that the martian rocks plotted in Fig. S8 have Fe/Mn values that are essentially 
independent of MgO content (~4–22 wt. %) and thus for MgO concentrations > ~6–7 wt. 
%, Fe/Mn values (~30–45) are substantially below the terrestrial ratios. However, 
because Fe/Mn values are not positively correlated with MgO at low MgO contents, more 
evolved (i.e., less magnesian) martian rocks intersect the Tenerife trend, suggesting that 
Fe/Mn is not a robust discriminant for evolved martian and terrestrial lavas. 
 
The Effect of Surface Components on Jake_M’s Composition 
As discussed in the main text and in the Materials and Methods section above, the surface 
of Jake_M was not cleaned (i.e., mechanically brushed or physically abraded) prior to the 
three APXS analyses and thus a major fraction of the S and Cl in the analyses may reflect 
a surface component such as dust. Figure S9 compares SO3 and Cl contents in JM with 
those from rocks analyzed by the MERs. With respect to S, the JM concentrations are 
lower than in most of the martian rock analyses collected from undisturbed (i.e., “as is”) 
surfaces; in fact only a few rocks have lower S contents (e.g., Backstay, Irvine, 
Esperanza, and Humboldt Peak). Cl contents in the analyses of JM are roughly at the 
mid-point of the range of Cl concentrations in “as is” rock analyses (~0.4–1.6 wt. % Cl). 
Figure 10 shows that the spread in SiO2, Al2O3, FeO*, CaO and MgO concentrations 
among the three normalized JM analyses is comparable to the spread observed in 
analyses of “as is” vs. abraded rock/outcrop surfaces once each analysis had been 
normalized on a SO3- and Cl-free basis. This suggests that if we had analyses of JM from 
an abraded surface, they would not be sufficiently different from the compositions in 
Table 1 (once all had been renormalized without S and Cl) to substantively change any of 
the conclusions of this study.  
 
MELTS Modeling of Liquid-lines-of-descent: Tenerife 
AlphaMELTS 1.2 (39, 40) was used to model fractional crystallization of a primitive 
Tenerife composition (all in wt. %: SiO2 44.231; TiO2 3.186; Al2O3 11.317; Cr2O3 0.098; 
FeO* 12.431; MnO 0.181; MgO 12.672; CaO 12.430; Na2O 2.253; K2O 0.801; P2O5 
0.401), over a range of pressures (1 bar and 1, 2, 3, 4, and 6 kbar) and starting water 
concentrations (0, 0.1, 0.5, 1, 2, and 3 wt. %). The effect of oxygen fugacity (ƒO2) on the 
 7 
liquid-lines-of-descent was also explored; however, a fixed ƒO2 of QFM+1 is shown in 
Figs. S11 and S12. This ƒO2 is consistent with estimates from Fe-Ti oxides in Tenerife 
volcanics (38); under more oxidizing or reducing conditions Fe-rich spinel would appear 
earlier or later in the calculated liquid-line-of-descent. For each fractional crystallization 
calculation, the oxides were plotted against MgO and cubic spline functions were fit to 
the discrete model points. The Tenerife lavas and a subset of MELTS calculations are 
shown in Fig. S11. For each of the 36 MELTS calculations, a misfit parameter was 
calculated by summing the absolute values of the differences between the MELTS curves 
in SiO2-, Al2O3-, FeO*-, and CaO-MgO space and the Tenerife lava compositions; i.e., 
for each Tenerife lava, the MgO concentration was used to calculate an SiO2, Al2O3, 
FeO*, and CaO content based on cubic spline fits to a given MELTS calculation and the 
absolute value of these differences were summed for all of the lavas with MgO contents 
between 1 and 12.685 wt. %. The sum of the differences was then divided by the number 
of Tenerife data points in this composition range (445). Some of the calculated liquid-
lines-of-descent at pressures > 1 kbar and water concentrations < 2 wt. % became 
saturated in orthopyroxene at low MgO concentrations (MgO < 2.5 wt. %). 
Orthopyroxene is not expected in evolved alkaline magmas, (e.g., 16) and has not been 
observed in the Tenerife lavas (e.g., 95), so the crystallization of this phase was 
suppressed for the calculations shown in Figs. S11 and S12 [we note that MELTS is 
known to overstabilize orthopyroxene and thus its presence in these calculated evolved 
liquid compositions is likely an artifact (96)].  
 
Figure S12 shows a contour plot of misfit over the tested range of pressures and water 
concentrations. The best fit over this range of pressures and water concentrations is in the 
middle of the darkest blue region at a pressure of 4 kbar and a starting water 
concentration of 1 wt. %. As illustrated by the MgO variation diagrams in Fig. S11, a 
good match to the Tenerife data requires the suppression of plagioclase crystallization 
such that the Al2O3 concentrations in the most evolved melts can be enriched to ~20 wt. 
%. Although the “best-fit” requires elevated pressure and water contents, as discussed in 
the main text, the suppression of plagioclase can be achieved by increasing the pressure 
of crystallization either with or without added water (increasing pressure and water 
content is more effective than pressure alone). 
 
MELTS Modeling of Liquid-lines-of-descent: Martian Starting Liquid Compositions 
We explored the possibility that JM might represent a residual liquid from fractional 
crystallization of known martian rock compositions. We tried a variety of starting liquid 
compositions, including the shergottite EETA 79001A (9), NWA 7034 (74), and four 
compositions measured by the Spirit rover in Gusev crater: Adirondack, Humphrey, 
Humboldt Peak, and Backstay. For these starting compositions, we again used MELTS to 
calculate liquid-lines-of-descent over a range of pressures (1 bar and 1, 2, 3, and 4 kbar) 
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and starting water concentrations (0, 0.1, 0.5, 1, 2, and 3 wt. %). We tried calculations 
over a range of ƒO2 conditions from QFM−1 to QFM+3 (6, 7, 97). However, all of the 
results shown in Figs. S13–S24 were calculated at QFM−1. The misfit between the 
calculated liquid-lines-of-descent and JM was computed using a similar method to that 
described above for Tenerife, the only difference being that the calculated concentrations 
of SiO2, Al2O3, FeO*, and CaO were this time compared to the three analyses of JM 
instead of the large Tenerife dataset. The results of the Backstay, NWA 7034, and 
Humboldt Peak calculations are discussed below. 
 
Although none of the martian compositions considered in this study have high enough 
concentrations of alkalis to be viable parental liquids for JM (Figs. S13, S17, and S21), 
fractional crystallization of Backstay is able to match the concentrations of SiO2, Al2O3, 
FeO*, and CaO in JM reasonably well (Fig. S13). A contoured misfit plot using Backstay 
as the starting composition (Fig. S14) shows that the best-fit conditions are 4 kbar and 3 
wt. % water in the starting composition. These conditions yield a best-fit match to JM 
that is comparable to the best-fit to JM achieved by starting with the primitive Tenerife 
composition (again considering only SiO2, Al2O3, FeO*, and CaO). However, all of the 
melts comprising the best-fit liquid-line-of-descent calculated using Backstay are 
hyperthene normative (i.e., normative nepheline = 0), in striking contrast to the ~16–17 
wt. % normative nepheline in the JM bulk composition (Table 1). 
 
Fractional crystallization of NWA 7034 and Humboldt Peak give poorer fits to JM (in 
terms of SiO2, Al2O3, FeO*, and CaO) than Backstay, with misfits ranging from 7.5–12 
for NWA 7034 (Fig. S18) and 10.5–12 for Humboldt Peak (Fig. S22). However, unlike 
Backstay, NWA 7034 and Humboldt Peak produced fractionated model liquids in the 
compositional region of JM (~4.4 wt. % MgO) that are nepheline normative, although the 
calculated abundances of normative nepheline (< 1 wt. %, NWA 7034; ~6 wt. % 
Humboldt Peak) are substantially less than that calculated for JM (~16–17 wt. %). In 
addition to having insufficient alkalis, both NWA 7034 and Humboldt Peak have 
concentrations of Al2O3 that are too low and concentrations of FeO* that are too high for 
either of these starting compositions to be parental to JM under the conditions considered 
in this study. 
 
In order to assess whether a known martian composition enriched in alkalis could provide 
a viable parent for JM, we re-calculated the liquid-lines-of-descent from Backstay, NWA 
7034, and Humboldt Peak with arbitrarily increased concentrations of Na2O and K2O. 
The addition of extra alkalis had the effect of decreasing the Al2O3 and SiO2 
concentrations of the residual liquids at a given MgO concentration, which increased the 
combined misfit for SiO2, Al2O3, FeO*, and CaO between the calculated liquid-lines-of-
descent and JM (Figs. S16, S20, and S24). The best-fit conditions for the Backstay 
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starting composition shifted to a higher pressure and a lower water concentration as a 
result of increasing the alkali concentration of the melt. This could reflect the role of 
Na2O and K2O as network modifiers in silicate liquids (98).  
 
In conclusion, of the martian starting compositions considered in this study, fractional 
crystallization of Backstay provides the best match to the SiO2, Al2O3, FeO*, and CaO 
concentrations in JM. However, concentrations of K2O and Na2O for all previously 
analyzed martian rocks, including Backstay, are too low to explain the alkali-rich nature 
of JM. A Backstay-like melt arbitrarily enriched in alkalis could on fractionation produce 
a melt similar to JM in most elements via fractional crystallization. The best-fit 
crystallization conditions are at pressures of 3 kbar or higher for all starting melt 
compositions.  
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Fig. S1. 
RMI mosaics of the 2 rasters performed on Jake_M. The mosaic on the left is coupled with Mahli 
colors. Credit : NASA/JPL-Caltech/ LANL/IRAP/MSSS/IAS/LTP- Nantes. 
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Fig. S2. 
ICA (91) plot showing Ti component vs. Ca component for all the 392 spectra obtained on 
Jake_M (dust spectra removed). Observations at locations 1, 2, 10, and 14 represent 
compositional end-members. Units along the axes give relative separation of a given ICA 
component. 
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Fig. S3. 
Spectra averaged over depth for the four analysis locations that are show end-member 
compositions from Jake_M. Left panel: UV range; Right panel: Part of the VNIR range showing 
the K and Na lines. 
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Fig. S4. 
(A) CaO vs. MgO determined by PLS for ChemCam location 14 on Jake_M. The first two shots 
show the effect of surface dust; shots 3–30 suggest a mixture dominated by plagioclase and a 
high-Ca pyroxene with the proportion of pyroxene increasing with depth. (B) SiO2, Al2O3, K2O, 
and Na2O vs. MgO in wt. % determined by PLS for ChemCam location 14 on Jake_M. The first 
two shots show the effect of surface dust. All these elements are decreasing while Mg increases, 
which is consistent with an interpretation of a Ca-rich pyroxene at depth. 
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Fig. S5. 
Comparison of the three Jake_M analyses (Table 1) to terrestrial rocks labeled mugearites in the 
Georoc database (25); all analyses normalized to 100% on a H2O-, CO2-, S-, and Cl-free basis. (a) 
SiO2-MgO, (b) TiO2-MgO, (c) Al2O3-MgO, (d) FeO*-MgO, (e) CaO-MgO, (f) Na2O-MgO, (g) 
K2O-MgO, (h) P2O5-MgO; FeO* = all Fe as FeO. 
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Fig. S6. 
Comparison of the three Jake_M analyses (Table 1) to terrestrial rocks labeled phonotephrites in 
the Georoc database (25); all analyses normalized to 100% on a H2O-, CO2-, S-, and Cl-free 
basis. (a) SiO2-MgO, (b) TiO2-MgO, (c) Al2O3-MgO, (d) FeO*-MgO, (e) CaO-MgO, (f) Na2O-
MgO, (g) K2O-MgO, (h) P2O5-MgO; FeO* = all Fe as FeO. 
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Fig. S7. 
(a) TiO2 vs. MgO comparison between terrestrial alkaline rocks (25) [those lying above the 
alkaline-subalkaline boundary (23) in Na2O+K2O vs. SiO2 space] with 50–55 wt. % SiO2 and 3.5–
5 wt. % MgO and Jake_M (Table 1).  (b) TiO2 vs. MgO comparison between terrestrial tholeiitic 
rocks (i.e., compositions that plot below the alkaline-subalkaline boundary) with 47–53 wt. % 
SiO2 and 3–15 wt. % MgO (25) and Jake_M (Table 1), shergottites (9), and martian rocks 
analyzed by the Mars Exploration Rovers (10, 75-77). The two high TiO2 martian rocks are 
Wishstone and Champagne (10). All analyses in (a) and (b) have been normalized to 100 wt. % 
on a volatile-free basis with all Fe as FeO; terrestrial lavas were culled from the Georoc database 
(25) prior to normalization. 
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Fig. S8. 
Fe/Mn (by weight) vs. MgO for Tenerife lavas (25), Jake_M (JM2n, Table 1), shergottites (9, 73), 
“abraded” Mars surface rock compositions analyzed by the Mars Exploration Rovers (10, 76) and 
high-precision Fe/Mn measurements on Hawaiian and Icelandic basalts (93, 94). The 13 Tenerife 
lavas with Fe/Mn > 80 are not plotted and most likely represent analytical errors (high Fe/Mn 
correlates with low, i.e., ≤0.1 wt. %, MnO values). One-sigma errors for the Hawaiian and 
Icelandic lavas are smaller than the size of the symbols. 
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Fig. S9. 
SO3 vs. Cl (both in wt. %) in unbrushed and unabraded (i.e., “as is”) rocks analyzed by the MERs 
(10, 75, 76) and in Jake_M (Table 1); note that Esperanza plots beneath Irvine. 
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Fig. S10. 
Oxide-MgO (all in wt. %) in JM (large filled circles; Table 1) and in unbrushed and unabraded, 
i.e., “as is” rock analyses (smaller filled circles) and physically abraded rock analyses (open 
squares) by the MERs (10, 76). All analyses have been normalized to 100 wt. % on a SO3- and 
Cl-free basis; tie lines connect “as is” and abraded analyses of the same rock/outcrop. 
Abbreviations: JM = Jake_M; BR = Bounce Rock; M = Mazatzal; H = Humphrey; A = 
Adirondack. In the case of Mazatzal and Humphrey, multiple analyses have been averaged after 
being normalized.  (a) SiO2-MgO; (b) Al2O3-MgO; (c) FeO*-MgO, where FeO* = all Fe as FeO; 
(d) CaO-MgO. 
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Fig. S11.  
Oxide-MgO variation diagrams showing the compositions of Tenerife lavas (25), Jake_M (Table 
1), and the results of selected MELTS fractional crystallization calculations. The best-fit MELTS 
calculation (4 kbar, QFM+1, H2O = 1 wt. %) is plotted in green (Fig. S12 shows how the 
mismatch between a given MELTS calculation and the Tenerife lavas varies as a function of 
pressure and initial water content). For comparison, the calculation at 4 kbar, QFM+1 and 0 wt. 
% water is shown in blue and the calculation at 1 bar, QFM+1 and 0 wt. % water is shown in 
orange. Colored arrows indicate the entry of phases in the calculated fractional crystallization 
sequence: ol. = olivine; cpx = clinopyroxene; pl. = plagioclase; Fe-sp. = Fe-rich spinel; K-f. = K-
feldspar; whit. = whitlockite; ap. = apatite; oxides = ilmenite. 
  
 21 
 
Fig. S12. 
Contour plot of misfit between Tenerife data and MELTS fractional crystallization calculations. 
Calculations performed at QFM+1, at pressures of 1, 1000, 2000, 3000, 4000 and 6000 bars, and 
water concentrations of 0, 0.1, 0.5, 1, 2 and 3 wt. %. For each of the 36 MELTS calculations, the 
misfit was calculated by summing the absolute values of the differences between the MELTS 
curves in SiO2-, Al2O3-, FeO*-, and CaO-MgO space and Tenerife lava compositions with MgO 
contents between 1 and 12.685 wt. %. The sum of the differences was then divided by the number 
of Tenerife data points (445) within this MgO concentration range. Note that this misfit parameter 
does not directly compare with the ones that follow (in Figs. S14, S16, S18, S20, S22, and S24), 
which are calculated against the three measured Jake_M compositions rather than the whole 
Tenerife suite. Colored vertical scale bar indicates the degree of misfit; red = large (i.e., worse fit 
to the Tenerife data) and blue = small (i.e., better fit to the Tenerife data). 
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Fig. S13. 
MgO variation diagrams for Backstay, Jake_M, and MELTS fractional crystallization 
calculations at QFM−1. The best-fit calculation (4 kbar and 3 wt. % water) is plotted in green. 
For comparison, the calculation at 4 kbar and 0 wt. % water is shown in blue, and the calculation 
at 1 bar and 0 wt. % water is shown in orange. Colored arrows indicate the entry of phases in the 
calculated fractional crystallization sequence: ol. = olivine; Cr-sp. = Cr-spinel; whit. = 
whitlockite; ap. = apatite; pl. = plagioclase; opx = orthopyroxene; cpx = clinopyroxene; Fe-sp. = 
Fe-rich spinel; K-f. = K-feldspar.  
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Fig. S14. 
Contour plot of misfit between Jake_M and MELTS fractional crystallization calculations at 
QFM–1 using Backstay as the starting composition. Calculations performed at pressures of 1, 
1000, 2000, 3000 and 4000 bars, and water concentrations of 0, 0.1, 0.5, 1, 2 and 3 wt. %. For 
each of the 30 MELTS calculations, the misfit was calculated by summing the differences 
between the MELTS curves in SiO2-, Al2O3-, FeO*-, and CaO-MgO space and the three 
measured Jake_M compositions. The sum of the differences was then divided by three. Note that 
the misfit in this figure and subsequent figures is not directly comparable to the misfit plotted in 
Fig. S12, which is calculated against the whole Tenerife suite rather than Jake_M. Colored 
vertical scale bar indicates the degree of misfit; red = large (i.e., worse fit to Jake_M) and blue = 
small (i.e., better fit to Jake_M). 
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Fig. S15. 
MgO variation diagrams for Backstay (with added Na2O and K2O so as to match the alkali 
content of Jake_M), Jake_M, and MELTS fractional crystallization calculations at QFM–1. The 
best-fit calculation (4 kbar and 3 wt. % water) is plotted in green (note that for the modified and 
unmodified Backstay composition, the best-fit models occur at the extremes of our investigated 
pressures and water contents and thus may not represent true minima in pressure-H2O space). For 
comparison, the calculation at 4 kbar and 0 wt. % water is shown in blue, and the calculation at 1 
bar and 0 wt. % water is shown in orange. Colored arrows indicate the entry of phases in the 
calculated fractional crystallization sequence: ol. = olivine; Cr-sp. = Cr-spinel; whit. = 
whitlockite; ap. = apatite; Fe-sp. = Fe-rich spinel; cpx = clinopyroxene; K-f. = K-feldspar; leuc. = 
leucite. Note that renormalization to 100 wt. % following the addition of alkalis to the Backstay 
starting composition causes a small decrease in the concentrations of all of the other elements, 
such that the starting point for the MELTS fractional crystallization calculations is offset from 
Backstay in all panels. Black arrows in the Na2O and K2O variation diagrams emphasize the 
amount by which Backstay has been enriched in alkalis to create this new starting composition. 
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Fig. S16. 
Contour plot of misfit between MELTS fractional crystallization calculations at QFM–1, starting 
with a Backstay composition with added Na2O and K2O. Calculations performed at pressures of 
1, 1000, 2000, 3000 and 4000 bars, and water concentrations of 0, 0.1, 0.5, 1, 2 and 3 wt. %. For 
each of the 30 MELTS calculations, the misfit was calculated by summing the differences 
between the MELTS curves in SiO2-, Al2O3-, FeO*-, and CaO-MgO space and the three 
measured Jake_M compositions. The sum of the differences was then divided by three. Note that 
the misfit in this figure and subsequent figures is not directly comparable to the misfit plotted in 
Fig. S12, which is calculated against the whole Tenerife suite rather than Jake_M. Colored 
vertical scale bar indicates the degree of misfit; red = large (i.e., worse fit to Jake_M) and blue = 
small (i.e., better fit to Jake_M). 
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Fig. S17. 
MgO variation diagrams for NWA 7034, Jake_M, and MELTS fractional crystallization 
calculations at QFM−1. The best-fit calculation (3 kbar and 1 wt. % water) is plotted in green. 
For comparison, the calculation at 3 kbar and 0 wt. % water is shown in blue, and the calculation 
at 1 bar and 0 wt. % water is shown in orange. Colored arrows indicate the entry of phases in the 
calculated fractional crystallization sequence: ol. = olivine; Cr-sp. = Cr-spinel; cpx = 
clinopyroxene; pl. = plagioclase; whit. = whitlockite; ap. = apatite; Fe-sp. = Fe-rich spinel. Error 
bars on the composition of NWA 7034 are one standard deviation of 225 microprobe analyses of 
plumose groundmass (74). 
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Fig. S18. 
Contour plot of misfit between Jake_M and MELTS fractional crystallization calculations at 
QFM–1 using NWA 7034 as the starting composition. Calculations performed at pressures of 1, 
1000, 2000, 3000 and 4000 bars, and water concentrations of 0, 0.1, 0.5, 1, 2 and 3 wt. %. For 
each of the 30 MELTS calculations, the misfit was calculated by summing the differences 
between the MELTS curves in SiO2-, Al2O3-, FeO*-, and CaO-MgO space and the three 
measured Jake_M compositions. The sum of the differences was then divided by three. Note that 
the misfit in this figure and subsequent figures is not directly comparable to the misfit plotted in 
Fig. S12, which is calculated against the whole Tenerife suite rather than Jake_M. Colored 
vertical scale bar indicates the degree of misfit; red = large (i.e., worse fit to Jake_M) and blue = 
small (i.e., better fit to Jake_M).  
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Fig. S19. 
MgO variation diagrams for NWA 7034 (with added Na2O and K2O so as to match the alkali 
content of Jake_M), Jake_M, and MELTS fractional crystallization calculations at QFM–1. The 
best-fit calculation (4 kbar and 0 wt. % water) is plotted in blue and represents the minimum with 
respect to the investigated region of pressure-H2O space. For comparison, the calculation at 4 
kbar and 3 wt. % water is shown in green, and the calculation at 1 bar and 0 wt. % water is shown 
in orange. Colored arrows indicate the entry of phases in the calculated fractional crystallization 
sequence: ol. = olivine; Cr-sp. = Cr-spinel; cpx = clinopyroxene; whit. = whitlockite; pl. = 
plagioclase; ap. = apatite; Fe-sp. = Fe-rich spinel; K-f. = K-feldspar; ne. = nepheline. Note that 
renormalization to 100 wt. % following the addition of alkalis to the NWA 7034 starting 
composition causes a small decrease in the concentrations of all of the other elements, such that 
the starting point for the MELTS fractional crystallization calculations is offset from NWA 7034 
in all panels. Black arrows in the Na2O and K2O variation diagrams emphasize the amount by 
which NWA 7034 has been enriched in alkalis to create this new starting composition. Error bars 
on the composition of NWA 7034 are one standard deviation of 225 microprobe analyses of 
plumose groundmass (74). 
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Fig. S20. 
Contour plot of misfit between Jake_M and MELTS fractional crystallization calculations at 
QFM–1 using NWA 7034 with added Na2O and K2O as the starting composition. Calculations 
performed at pressures of 1, 1000, 2000, 3000 and 4000 bars, and water concentrations of 0, 0.1, 
0.5, 1, 2 and 3 wt. %. For each of the 30 MELTS calculations, the misfit was calculated by 
summing the differences between the MELTS curves in SiO2-, Al2O3-, FeO*-, and CaO-MgO 
space and the three measured Jake_M compositions. The sum of the differences was then divided 
by three. Note that the misfit in this figure and subsequent figures is not directly comparable to 
the misfit plotted in Fig. S12, which is calculated against the whole Tenerife suite rather than 
Jake_M. Colored vertical scale bar indicates the degree of misfit; red = large (i.e., worse fit to 
Jake_M) and blue = small (i.e., better fit to Jake_M).  
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Fig. S21. 
MgO variation diagrams for Humboldt Peak, Jake_M, and MELTS fractional crystallization 
calculations at QFM−1. The best-fit calculation (3 kbar and 0 wt. % water) is plotted in blue. For 
comparison, the calculation at 3 kbar and 3 wt. % water is shown in green, and the calculation at 
1 bar and 0 wt. % water is shown in orange. Colored arrows indicate the entry of phases in the 
calculated fractional crystallization sequence ol. = olivine; Cr-sp. = Cr-spinel; whit. = whitlockite; 
ap. = apatite; pl. = plagioclase; cpx = clinopyroxene; Fe-sp. = Fe-rich spinel; K-f. = K-feldspar. 
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Fig. S22. 
Contour plot of misfit between Jake_M and MELTS fractional crystallization calculations at 
QFM–1 using Humboldt Peak as the starting composition. Calculations performed at pressures of 
1, 1000, 2000, 3000 and 4000 bars, and water concentrations of 0, 0.1, 0.5, 1, 2 and 3 wt. %. For 
each of the 30 MELTS calculations, the misfit was calculated by summing the differences 
between the MELTS curves in SiO2-, Al2O3-, FeO*-, and CaO-MgO space and the three 
measured Jake_M compositions. The sum of the differences was then divided by three. Note that 
the misfit in this figure and subsequent figures is not directly comparable to the misfit plotted in 
Fig. S12, which is calculated against the whole Tenerife suite rather than Jake_M. Colored 
vertical scale bar indicates the degree of misfit; red = large (i.e., worse fit to Jake_M) and blue = 
small (i.e., better fit to Jake_M). 
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Fig. S23. 
MgO variation diagrams for Humboldt Peak (with added Na2O and K2O so as to match the alkali 
content of Jake_M), Jake_M, and MELTS fractional crystallization calculations at QFM–1. The 
best-fit calculation (4 kbar and 0 wt. % water) is plotted in blue. For comparison, the calculation 
at 4 kbar and 3 wt. % water is shown in green, and the calculation at 1 bar and 0 wt. % water is 
shown in orange. Colored arrows indicate the entry of phases in the calculated fractional 
crystallization sequence: ol. = olivine; Cr-sp. = Cr-spinel; whit. = whitlockite; ap. = apatite; cpx = 
clinopyroxene; pl. = plagioclase; Fe-sp. = Fe-rich spinel; opx = orthopyroxene; ne. = nepheline; 
K-f. = K-feldspar. Note that renormalization to 100 wt. % following the addition of alkalis to the 
Humboldt Peak starting composition causes a small decrease in the concentrations of all of the 
other elements, such that the starting point for the MELTS fractional crystallization calculations 
is offset from Humboldt Peak in all panels. Black arrows in the Na2O and K2O variation diagrams 
emphasize the amount by which Humboldt Peak has been enriched in alkalis to create this new 
starting composition. 
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Fig. S24. 
Contour plot of misfit between Jake_M and MELTS fractional crystallization calculations at 
QFM–1 using Humboldt Peak with added Na2O and K2O as the starting composition. 
Calculations performed at pressures of 1, 1000, 2000, 3000 and 4000 bars, and water 
concentrations of 0, 0.1, 0.5, 1, 2 and 3 wt. %. For each of the 30 MELTS calculations, the misfit 
was calculated by summing the differences between the MELTS curves in SiO2-, Al2O3-, FeO*-, 
and CaO-MgO space and the three measured Jake_M compositions. The sum of the differences 
was then divided by three. Note that the misfit in this figure and subsequent figures is not directly 
comparable to the misfit plotted in Fig. S12, which is calculated against the whole Tenerife suite 
rather than Jake_M. Colored vertical scale bar indicates the degree of misfit; red = large (i.e., 
worse fit to Jake_M) and blue = small (i.e., better fit to Jake_M).
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